Thalamomuscular coherence in essential tremor (ET) has consistently been detected in numerous neurophysiological studies. Thereby, spatial properties of coherence indicate a differentiated, somatotopic organization; so far, however, little attention has been paid to temporal aspects of this interdependency. Further insight into the relationship between tremor onset and the onset of coherence could pave the way to more efficient deep brain stimulation (DBS) algorithms for tremor. We studied 10 severely affected ET patients (six females, four males) during surgery for DBS-electrode implantation and simultaneously recorded local field potentials (LFPs) and surface electromyographic signals (EMGs) from the extensor and flexor muscles of the contralateral forearm during its elevation. The temporal relationship between the onset of significant wavelet cross spectrum (WCS) and tremor onset was determined. Moreover, we examined the influence of electrode location within one recording depth on this latency and the coincidence of coherence and tremor for depths with strong overall coherence ("tremor clusters") and those without. Data analysis revealed tremor onset occurring 220 Ϯ 460 ms before the start of significant LFP-EMG coherence. Furthermore, we could detect an anterolateral gradient of WCS onset within one recording depth. Finally, the coincidence of tremor and coherence was significantly higher in tremor clusters. We conclude that tremor onset precedes the beginning of coherence. Besides, within one recording depth there is a spread of the tremor signal. This reflects the importance of somatosensory feedback for ET and questions the suitability of thalamomuscular coherence as a biomarker for "closedloop" DBS systems to prevent tremor emergence.
Introduction
Neural oscillations and the balance of synchronization and desynchronization play an important role in physiological processes. Hence, accurate working of the motor system relies upon optimal information processing between cortical and subcortical structures and their respective connections from and to the periphery. It is therefore not surprising that distinct movement disorders, such as poverty of movement in Parkinson's disease or essential tremor (ET; are associated with abnormal patterns of synchronization. In ET, this synchronization is particularly striking as patients develop limb oscillations with a 4 -8 Hz frequency during postural or intentional tasks (Deuschl et al., 1998) . The mechanisms leading to increased synchronization between brain areas and muscles eventually manifesting as tremor remain, however, poorly understood.
There is a growing body of evidence for a central origin of ET. This was already hypothesized due to the lack of dependence of tremor on peripheral reflex mechanisms with inertia changes (Elble et al., 1987; Deuschl et al., 1996) . Later, imaging studies corroborated the importance of the CNS in ET, indicating hyperactivation of the cerebellum or the inferior olivary nucleus (Jenkins et al., 1993; Wills et al., 1994) but also as coherence between muscles and the motor system could be proven during tremor . While tremor research traditionally focused on the detection of single oscillators responsible for tremor emergence, recent investigations have challenged this view, proposing instead a collaboration of different areas in an oscillating "tremor network" ).
This tremor network involves cortical and subcortical brain structures and shows coherence with trembling muscles ). However, interdependencies are not necessarily permanent but, in the case of corticomuscular coherence, rather constitute a fluctuating phenomenon (Raethjen et al., 2007) . At any rate, the exact pathophysiological mechanisms inside this network are not merely of scientific interest, as the identification of all components and their interactions could pave the way for more specific treatment options, such as more refined deep brain stimulation (DBS) algorithms. In this context, Cagnan et al. (2013) have recently reported that thalamic DBS is most efficient when applied according to a specific signal phase once tremor has emerged. This emphasizes the increasing focus on demanddriven DBS approaches (Rouse et al., 2011) . On the other hand, it also illustrates the present lack of suitable biomarkers of imminent tremor onset for demand-driven DBS to prevent tremulous activity.
One possible candidate for such an indicator might be thalamomuscular coherence, as it has been detected consistently during tremor (Marsden et al., 2000; . As there was no coherence during rest in our previous results (Pedrosa et al., 2012) , we hypothesized the onset of thalamomuscular coherence after tremor onset. We therefore analyzed ET patients undergoing thalamic DBS surgery with time-resolved spectral techniques of local field potentials (LFPs) and simultaneous electromyographic (EMG) recordings. The aim of this study was to answer the question whether onset of thalamomuscular coherence during postural tremor is "hen or egg," i.e., precedes tremor or is its consequence.
Materials and Methods
Patients. We studied 10 patients (six females and four males) suffering from medically refractory ET according to the diagnostic criteria (Deuschl et al., 1998 ) with a mean disease duration of 20.1 Ϯ 10.1 years. All patients underwent bilateral implantation of DBS electrodes into the posterior parts of the ventrolateral thalamus (VLp) or in areas just below the thalamus. The indication for electrode implantation was based on the recommendations of the German Deep Brain Stimulation Study Group (Sixel-Döring et al., 2009) . At the time of surgery, patients' mean age was 65.6 Ϯ 6.6 years (for more demographic details, see Table 1 ).
The study was approved by the local ethics committee (study no. 09-051) and carried out in accordance with the Declaration of Helsinki. All patients gave their written informed consent for intraoperative recordings.
Planning and implantation. Electrodes were implanted at the Department of Stereotactic and Functional Neurosurgery in Cologne. The exact procedure during surgery has been described in prior publications (Pedrosa et al., 2012). Briefly, the VLp was targeted on the basis of Schaltenbrand-Wahren atlas coordinates (Schaltenbrand et al., 1977) . Standard coordinates for targeting the lower border of the VLp were as follows: (1) 5.5 mm posterior to the midcommissural point in the y-axis, (2) at the level of the line between the anterior and the posterior commissure in the z-axis, and (3) 14 -14.5 mm lateral to midline (x-axis). Electrode placement was performed with a Riechert-Mundinger system (Inomed Medizintechnik) and, for five patients, the target was located on areas below the thalamus as this region has been proven to be more efficacious in tremor suppression (Blomstedt et al., 2009; Barbe et al., 2011) . Target coordinates for individual electrode placement are also summarized in Table 1 .
We used intraoperative microelectrode recordings to localize the optimal implantation area, eventually basing the final placement of the DBS electrode on single-cell activity as well as on the profile of tremor reduction and side effects during intraoperative test stimulation.
Intraoperative recordings. Intraoperative recordings were performed with a commercially available recording system (Inomed Micro Electrode Recording System; software: MER 2.4 beta). We used 2-5 concentrically configured micro-macroelectrodes (central, anterior, medial, posterior, and lateral) with a distance of 2 mm from the central electrode each. LFPs were obtained during the motor paradigm over a distance of 6 -12 mm in steps of 1 mm. Data were recorded from 4 -8 mm above the target point to 1-2 mm beyond the planned target, i.e., in or near the posterior subthalamic area (not the subthalamic nucleus).
The intraoperative motor paradigm consisted of two conditions: (1) patients rested their arm in a comfortable position (rest condition) for 30 -60 s and (2) patients were asked to elevate and hold their forearm contralaterally to the implantation side at an angle of ϳ30°and to spread their fingers (hold condition) for 30 -60 s. Thereby, tremor emerged immediately after the elevation of the arm. Subjects performed both tasks sequentially while awake and without speaking or performing any other activities. We simultaneously recorded activity of the extensor [extensor digitorum communis (EDC)] and flexor [flexor digitorum longus (FDL)] muscles of the contralateral forearm using surface EMG electrodes. Sedation (remifentanil and/or propofol) was withdrawn Ն15 min before beginning the recordings.
Both LFP and EMG signals were bandpass filtered between 0.5 and 1 kHz during the recording and preamplified with gains of 2000ϫ and 200ϫ, respectively. Resolution of recordings was 12 bit and data were sampled at 2.5 kHz.
Electrode localization. Localization of active contacts used for stimulation was carried out by analyzing postoperative high-resolution computed tomography scans and/or intraoperative stereotactic skull x rays (anteroposterior and lateral) for every patient. Imaging was then reimported into the planning software (STP 3.0 and STVX, Stryker Leibinger) for superimposition on preoperative MRI, resulting in stereotactic coordinates.
Data analysis. LFP and EMG activities were stored offline and imported into Matlab 2012b (MathWorks). All recorded tracks were inspected visually and trials containing noise or movement artifacts were excluded from further processing. Additionally, EMG-LFP combinations without tremor were discarded from further computations. Data were analyzed using our in-house Matlab routines. Before analysis, we applied a phase-neutral high-pass filter at 1.5 Hz, applied a phase-neutral low-pass filter at 46 Hz, and downsampled the data to 500 Hz. Examples of an EMG track and an LFP recording from the posterior electrode with a corresponding power spectrum and EMG-LFP coherence can be found in Figure 1 . Wavelet-derived spectral analysis. The time-frequency representation of any discrete signal x(t k )(k ϭ 1,…,T ), with T the data length can be obtained by analyzing the time series by continuous wavelet transforms (WTs). In our case, we used the Morlet wavelet, which is a complexvalued mother wavelet expressed in the following equation (Eq. 1):
Ϫu 2 / 2 where k 0 is the central frequency of and t is the time. We used a modified version of the Morlet software provided by Torrence and Compo (1998) . Morlet wavelets (with k 0 ϭ 7) are supposed to provide a good balance between time and frequency localization and they have been frequently used in neurophysiological studies in the past (TallonBaudry et al., 1996; Lachaux et al., 2002; Bigot et al., 2011) . Thereby, the WT for the given discrete time series x, recorded at regularly spaced time points t k with the total length T and for the scale s and the time t are defined as follows (Eq. 2):
The asterisk denotes the conjugate of a complex number and the following equation (Eq. 3): Figure 1 . A, Raw data of the LFPs of the posterior electrode of the VLp over time and the contralateral EMG (FDL). The inset shows the power spectrum of the data highlighted in gray. B, Coherence of both data tracks (EMG and LFP) for the data in the rectangle. C, Power spectra pooled across all subjects (n ϭ 10) for the rest condition (light line) and the hold condition (dark line).
Time-frequency representation can be obtained by converting the scale parameter s into a pseudofrequency parameter . The WT at frequency and time t can be thus expressed as the following equation (Eq. 4):
Given a central frequency k 0 ϭ 7, the mean temporal resolution of the wavelet analysis for the tremor band was between 84 and 124 ms while the frequency resolution was 0.65 Hz (Torrence and Compo, 1998) . The mean spectral density was pooled across subjects for the rest condition and during postural tremor and is represented in Figure 1C . Examples of time-frequency representations of an EMG and LFP recording are shown in Figure 2 A, B. WCS density estimation. The WCS has been shown to provide more reliable values for statistical dependence compared with the wavelet coherence, particularly when the number of trials is small (Bigot et al., 2011) . As we only recorded single trials at each recording depth, we used the WT from the following equation (Eq. 5), which provided an estimate of the WCS between both EMG (x) and thalamic data ( y):
where the asterisk denotes the conjugate of a complex number. An example of the WCS of an EMG and an LFP recording are shown in Figure 2D . Significant WCS density estimation. Significant values of WCS were assessed following the method described by Bigot et al. (2011), which also accounts for high autospectra and is therefore better suited for detecting real dependence between two time series. Therefore, we computed a threshold a calculated in the following equation (Eq.6):
with x 2 and y 2 being the largest eigenvalue of the empirical covariance matrix of the time series x and y, respectively. The theoretical arguments for this formula are described in the work of Bigot and colleagues (2011) .
Using this procedure, WCS values in the frequency range between 2 and 8 Hz above the threshold a (with ␣ ϭ 0.001) were considered significant. Significant WCS values were represented by a binary variable (t) as a function of time represented in the following equation (Eq. 7):
Time-frequency analysis. The onset of tremor was particularly important for this study, as it was needed for analyzing its relationship with the beginnings of the thalamomuscular coherence. We implemented a method to identify the time intervals, during which oscillatory activity in the tremor range (2-8 Hz) was present in the EMG. Tremor activity was defined as a spectral peak in the tremor frequency range, significantly above baseline (noise) level. Therefore, the formula for the computation of the signal-to-noise ratio for wavelet-derived time-frequency plots (wSNR) was the quotient of maximum power in the tremor frequency band (2-8 Hz) at any given point over the average signal power P(,t) ϭ ԽS xx (,t)Խ expressed in the following equation (Eq. 8): where a , b are the limits of the tremor band (2-8 Hz), max ϭ 46 Hz and 0 ϭ 1 Hz. The threshold for significant tremor activity was computed by means of a bootstrap method using the first 12 s of the when the subject was in the rest condition and when there was no tremor. Due to the lack of a hold condition without tremor as reference, we adopted a rather conservative significance level. Values of wSNR above the significance level of p Ͻ 0.001 were considered tremor episodes. We confirmed the validity of this formula by visually inspecting the time series of both EMG tracks (EDC and FDL) and testing that this threshold discriminates well between tremor and nontremor intervals. Tremor-on intervals were represented by a binary variable (i.e., tremor being present vs absence of tremor) as a function of time (t), as expressed in the following formula (Eq. 9): ͑t͒ ϭ ͭ 0,wSNR͑t͒ Ͻ wSNR threshold 1,wSNR͑t͒ Ն wSNR threshold A similar approach has been used before (Hurtado et al., 2005) and was adapted accordingly here. An exemplary wSNR estimation with the corresponding EMG track is shown in Figure 2C .
Statistical analyses. Statistical analyses were carried out using the software SPSS Statistics (IBM), Stata (StataCorp) and Excel (Microsoft).
Temporal relationship of coherence and tremor. Our first aim was to quantify the amount of time during which coherence coincided with visible tremor. Hence, we computed the times during which there was tremor with thalamomuscular coherence [(t) ϭ 1] and put them into relation with the total tremor time [(t) ϭ 1], according to the following formula (Eq. 10):
Likewise, the ratio between intervals without tremor but with significant thalamomuscular coherence [(t) ϭ 1] and the total time during which there was no coherence [1 Ϫ (t)] was calculated as follows (Eq. 11):
The values for time with tremor and coherence were averaged for every subject and subsequently compared between locations identified as "tremor clusters" and other locations with the nonparametric Wilcoxon signed-rank test. For the detection and verification of these tremor clusters, see Pedrosa et al. (2012) .
Spatial differences in the different electrode localizations. Finally, we wanted to investigate specific anatomical and temporal patterns of the emergence of significant WCS for the electrode locations in the subjects (central, anterior, medial, lateral, and posterior). We performed a linear regression adjusted for clustering by subjects [Stata option: vce(cluster)] of the delay between tremor and significant WCS (dt) on location (coded by four indicator variables). Beforehand, the highest 1% of the data was trimmed off for each location to reduce the influence of outliers. Pairwise comparisons were not adjusted for multiple testing to retain statistical power.
Results

General data
All patients presented with a severe and disabling postural tremor of the upper extremities with an average tremor frequency of 4.6 Ϯ 0.8 Hz. LFPs were recorded for four patients in the left and for six patients in the right VLp. During the rest condition, none of the subjects showed tremulous activity. In total, we analyzed 335 different recordings of LFP activity at an average of 8.6 recording depths per ET patient. This corresponds to an average of 3.9 trajectories per patient. Finally, 670 EMG tracks (335 EDC and 335 FDL recordings) were analyzed.
Power spectral density between both conditions
Power spectral density differed between both conditions. There was a peak around the tremor frequency band during the hold condition. Nevertheless, also during the rest condition, there was activity in the band (4 -7 Hz) across all patients. This activity coincided in parts with the tremor activity (as the tremor frequency band is 2-8 Hz). However, the detected peak frequency in the band during rest was higher than the peak frequency during tremor. The pooled power spectra are also visualized in Figure 1C .
Temporal evolution of thalamomuscular coherence
When comparing tremor onset and the onset of significant coherence, tremor activity in the EMG emerged on average 220 Ϯ 460 ms before significant thalamomuscular coherence. Additionally, clustered linear regression revealed that the localization of the electrode had a statistical effect on the onset of coherence (F (4,9) ϭ 6.70, p ϭ 0.009). The lateral electrodes had a significantly longer latency than the central electrodes ( p Ͻ 0.05 in pairwise comparisons). In contrast, there was no statistical difference in the delay between tremor onset and onset of coherence between tremor clusters and nontremor clusters. These results are all visualized in Figures 3 and 4 .
Thalamomuscular coherence
Thalamomuscular coherence [(t) ϭ 1] was detectable in 83.9 Ϯ 19.3% of the times in which tremor was present [(t) ϭ 1]. Regarding the two groups, tremor clusters and nontremor clusters, the former had a significantly higher amount of coincidence of tremor and WCS (median, 92.6%) compared with recording levels that were not tremor clusters (median, 85.4%). This difference was statistically significant (z ϭ Ϫ2.50, p ϭ 0.013) and corresponded to an effect size of r ϭ Ϫ0.78. Otherwise, times without tremor [(t) ϭ 0] showed a significant coherence in 3.41% of tremor clusters, while in heights without particular overall coherence times without tremor showed simultaneous significant coherence 5.47% of the time. This difference was not statistically significant (z ϭ Ϫ1.60, p Ͼ 0.05). Results concerning differences between tremor clusters and nontremor clusters are illustrated in Figure 4 .
Discussion
We applied time-dependent linear analyses to explore temporal relationships between tremor onset and emergence of thalamomuscular coherence in 10 ET patients undergoing DBS surgery. Thereby, tremor onset preceded thalamomuscular coherence and the latter remained present most of the time during tremor.
Methodological considerations
Recently, time-dependent signal analysis has gained importance for interpreting oscillatory behavior of neurophysiological sig-nals (Varela et al., 2001; Schnitzler and Gross, 2005) . We applied wavelet-derived methods as interdependency measure for different reasons. First, WCS may overcome the limitation of nonstationary signals. Second, probabilistic thresholds for WCS appear more robust than wavelet coherence significance levels (Bigot et al., 2011) . However, it should be stressed that comparing theoretical analyses for WCS detection with data-driven approaches (as used for tremor-onset detection) constitutes an important caveat. Nevertheless, a data-driven approach for wavelet analyses was hampered by thalamic activity at rest (Sarnthein et al., 2005) . Therefore, our results await further confirmation. Last, time restrictions during surgery resulted in one trial per recording location. In this context, wavelet-derived methods show reliable results in single-trial datasets (Lachaux et al., 2002) . Overall, our results provide valuable insights into linear interdependencies, while in turn not considering nonlinear relationships.
However, the results of linear interdependencies are impossible to completely separate from the results of nonlinear interdependencies. For instance, linear analyses may also reveal aspects of nonlinear coupling in ET (Timmer et al., 1993 . Furthermore, nonlinear interdependencies are not necessarily superior but rather assess distinct aspects of signal coupling. The importance of nonlinear measurements was recently corroborated with the detection of phase dependency for efficient DBS pulses (Cagnan et al., 2013) . Given the frequent nonlinear phenomena in neurophysiological processes, further work contemplating nonlinear couplings in ET is required.
Finally, another limitation needs to be borne in mind. Using rest condition as baseline, the detection of false early tremor onset is possible because EMG activity of arm movements was not taken into account. Owing to disease characteristics, isometric contractions without tremor was impossible. Because of tremor harmonics in the EMG (e.g., in double tremor frequency), attempts aiming at replacing tremor-band information (2-8 Hz) by surrogate data produced problematic results. We therefore used rest as baseline and in turn applied stringent significance levels for threshold generation.
Dynamics of thalamomuscular coupling
Although thalamomuscular coupling has been traced in magneto-encephalographic ) and electrophysiological studies (Marsden et al., 2000) , little is known about the temporal properties of such coupling. One reason might be difficulties of detecting delay times in narrow-band signals with conventional phase estimation (Lindemann et al., 2001; Müller et al., 2003) . Hence, we measured Figure 3 . A, Binary data for the presence of significant WCS (lower plot) and significant tremor activity (upper plot) over the course of time in a representative subject. The onset of tremulous activity was at ϳ60s (Figs. 1, 2 ). The right side shows the enhanced period marked with a rectangle. Thereby, ⌬t is the difference between the onset of tremor and the begin of significant coherence. B, Boxplot of the mean time difference between tremor onset and WCS onset for the five locations of recordings within one height. Asterisk depicts the statistically significant difference of ⌬t between central and lateral electrodes ( p ϭ 0.049).
time-dependent WCS. With a similar approach, intermittent pallidomuscular coherence was detected in parkinsonian patients. This group hypothesized episodes of either synchronizing or desynchronizing activity between brain and muscles (Hurtado et al., 2005) . While that study looked at a different disease and looked at different targets, there may be good reasons to reconcile their results with ours showing inconstant thalamomuscular coupling. First, current opinion has switched from single oscillators driving ET toward the emergence of a synchronized tremor network comprising cortical, subcortical, and cerebellar areas . Within these areas, somatotopically organized pathological activity was consistently demonstrated (Helmich, 2013) . Our results support this, as thalamomuscular coherence coincided with tremor activity in a significantly higher percentage at tremor cluster locations (Pedrosa et al., 2012) . Thus, if inconsistent coupling is traceable in parts of this tremor network, we consider it likely that it will manifest in the VLp as well. Second, output from the internal part of the globus pallidus (GPi) mainly targets the VLp. Similarities in both regions would therefore not be surprising. However, it should be indicated that the GPi rather projects to anterior portions of the VLp. Finally, we have shown comparable behavior of tremor in the VLp for both Parkinson's disease and ET (Pedrosa et al., 2012) , suggesting common mechanisms of thalamic tremor propagation. Thus, we hypothesize inconstant coupling with the periphery across the tremor network as shared property of different tremor entities.
Tremor onset before thalamomuscular coherence
The pivotal role of the thalamus for tremor was recognized in the context of efficacious lesional approaches, particularly in regions showing high densities of "tremor cells." These regions manifest with high thalamomuscular coherence at the tremor frequency (Hua et al., 1998; Marsden et al., 2000) and appear with a topographic organization (Pedrosa et al., 2012) . This organization is to be expected given the somatotopical cerebellar and pallidal input into the VLp (Ilinsky and Kultas-Ilinsky, 1984; Sakai et al., 1996) and the extensive information transfer with the motor cortex (Strick, 1976) . Reciprocal thalamocortical information transfer was also detected in ET compared with physiologic voluntary movements . As cortical structures were disregarded in this study, no direct conclusions can be drawn. However, recent literature suggests sensorimotor regions driving trembling muscles (Govindan et al., 2006; Schelter et al., 2009 ). Considering our results, temporal evolution of tremor and thalamomuscular coherence might thus be as follows: motor cortex drives muscles to tremble, while somatosensory (muscle) feedback closes the loop, producing thalamomuscular coherence. This sequence certainly simplifies tremor generation, leaving aside the possibility of, for example, subcortical structures initiating tremor. Accordingly, previous research has indicated tremor generation due to abnormal pallidal activation in Parkinson's disease (Helmich et al., 2011) or decreased GABAergic drive from the dentate nucleus in ET (Paris-Robidas et al., 2012) . This outlines the need for more research scrutinizing cortical and subcortical contributions for tremor generation, which goes beyond the scope of this study. Nevertheless, with our results of a delay of ϳ200 ms between tremor onset and coherence onset in mind, several aspects attract attention. The time is longer than corticospinal delay (Rothwell, 1991) but particularly longer than delays for direct somatosensory input (Fokin and Veskov, 1972) , making an indirect feedback more likely. In consideration of the putative cerebellar affection in ET, our findings corroborate a disturbed sensory feedback integration at a cerebellar level, e.g., via spinocerebellar tracts. Another possibility involves thalamic affection or impairment of the extensive connections between cerebellum and VLp (Hirai and Jones, 1989) . Similar ideas about the importance of reafferent thalamic input via cerebellar nuclei for tremor in general have been brought up before . This theory of the VLp integrating arriving peripheral and central tremor signals is appealing for several reasons. Spatial concordance of somatosensory cells and tremor cells (i.e., cells showing strong thalamomuscular coherence) were detected in the VLps of primates (Stepniewska et al., 2003) . This indicates the importance of sensory feedback for tremor and explains significant differences within one recording depth in our results. Thereby, tremor signals might spread inside the thalamus evolving into coherence. Besides, it could explain the irregular tremor initiation seen in clinical examination and the lack of thalamomuscular coherence in studies regarding only short episodes due , and coincidence between tremor and WCS (right side), separated on whether height had been identified as tremor cluster (dark column, 'tc') or not (bright column, 'n-tc'). Asterisk indicates that the difference between the coincidence of tremor and WCS was significantly superior when recording depth was a tremor cluster. B, Delay of tremor onset and onset of significant WCS depending upon whether heights are tremor clusters or not. This difference was not statistically significant.
to insufficient time to entrain thalamic cells to coherence (Halliday et al., 2000) .
Apart from neurophysiologic evidence, clinical observation corroborates the importance of somatosensory input in ET. Tremor amplitude and phase are susceptible to limb perturbations (Lee and Stein, 1981; Elble et al., 1992) . Moreover, tremor may worsen after peripheral nerve damage, e.g., in paraproteinaemic/inflammatory neuropathies (Saifee et al., 2013) .
Our findings therefore suggest a spread of tremor signals within the thalamus after indirect feedback, e.g., via the cerebellum. Accordingly, thalamomuscular coherence is likely the "egg," not the "hen."
Thalamomuscular coherence and DBS
Severe ET can be treated effectively with thalamic DBS. Accordingly, understanding the pathophysiology of thalamic tremor signals appears to be essential for refining DBS regimes and pinpointing their working mechanisms. One possible working mechanism is the attenuation of afferent thalamic transmission (Anderson et al., 2006) as local applications of inhibitory agents suppress tremor (Dostrovsky et al., 1993; Pahapill et al., 1999) and as somatosensory signals appear to play a substantial role for tremor entrainment. Moreover, these findings reflect the shortcomings of thalamomuscular coherence as a marker of imminent tremor onset.
Markers preceding tremor onset are highly desirable, as they could be used for "closed-loop" DBS and, thus, reduce stimulation-induced side effects (Deuschl et al., 2011) . As already stated, thalamomuscular coherence is not well suited for this purpose. Although generally present during tremor, it emerges after tremor onset and its intensity fluctuates during the course of tremor activity. Moreover, it requires sensing of contralateral extremities, making it more complex than simultaneous sensing and stimulation at one place. Therefore, intracerebral markers as spectral power changes might be particularly interesting. Unfortunately, we could not detect thalamic spectral power changes in the tremor frequency band. Possibly, activity during rest as demonstrated before (Sarnthein et al., 2005) and attributed to afferent input to the motor thalamus (Kane et al., 2009) hampered a baseline definition. An alternative intracerebral marker could be enhanced bidirectional thalamocortical communication, which is exclusively traceable during pathological tremors . The authors speculated that this activity is responsible for increases in thalamic subthreshold activity before arm elevation, and possibly explains the lack of resting tremor in ET. Future studies exploring corticothalamic interdependencies might add information to identify closed-loop DBS markers.
In summary, we demonstrate that tremor onset precedes the beginning of coherence, indicating the role of somatosensory feedback for ET. Given the relative delay of thalamomuscular coherence, its applicability as marker for closed-loop DBS appears limited. Therefore, peripheral tremor signals remain the most reliable biomarkers for on-demand stimulation.
